Introduction
============

Choline is classified as nutrient; it plays an extremely wide range of biological roles in human health and disease [@B1]. Inadequate intake or abnormal metabolism of choline is associated with the increased risk of cardiovascular disease and cancer [@B2],[@B3]. Our previous study investigated cardioprotection of choline in preventing ischemic heart disease, the most common cause of lethal heart failure [@B4]. Activation of M~3~ muscarinic acetylcholine receptor (mAChR) pathway by choline provided multiple protective effects on the injured heart via restoration of the normal intracellular free Ca^2+^ concentration [@B5],[@B6], reduction of intracellular reactive oxygen species (ROS) [@B7], and especially alteration of miRNA expression profile of cardiac myocytes [@B4], implying the central role of choline-induced cardioprotection for myocardial ischemia.

Compared with myocardial ischemia, cardiac hypertrophy represents another potent risk for cardiovascular diseases such as cardiac arrhythmias and heart failure, and even sudden death [@B8]. In response to an increase in pressure load due to insufficient blood supply, the heart must work harder than that under normal condition. Along with the functional change, it is accompanied by significant enlargement of heart mass, increase in protein synthesis, reorganization of sarcomere, activation of the fetal gene expression, and increase in cardiac fibrosis [@B9]. Therefore, it is very important to cure or reverse transverse aorta constriction (TAC)-induced hypertrophy before its transition to heart failure.

In the present study, we investigated whether choline supplements could be used as prevention approach against TAC-induced hypertrophy. The muscle-specific microRNA miR-133a has been shown to critically determine the development of cardiac hypertrophy and its downregulation is a hallmark of this cardiac condition [@B10],[@B11]. As choline fulfills its ischemic cardioprotection mainly as an agonist of M~3~ mAChR [@B5],[@B12],[@B13], the role of choline/M~3~ mAChR pathway in cardiac hypertrophy induced by TAC was explored here. Furthermore, network analysis was performed to elucidate the potential signaling pathways that choline might be involved in. Our findings support that supplemental choline affords sound benefits to TAC-induced hypertrophy.

Materials and Methods
=====================

Ethics statement
----------------

All procedures for the use of animals were pre-approved by the Experimental Animal Ethic Committee of Harbin Medical University, China (Animal Experimental Ethical Inspection Protocol No. 2009104). Use of animals was complied with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No.85-23, revised 1996).

Cardiac hypertrophy model of mice
---------------------------------

Healthy male adult Kunming mice were obtained from the Experimental Animal Center of Harbin Medical University. Mice received standard diet and water, and were kept under standard conditions in the vivarium. Adult mice (24g\~28g) were anesthetized with pentobarbital sodium (60 mg/kg, i.p.) and randomly divided into four experimental groups: Sham, transverse aorta constriction (TAC), TAC+Choline (14 mg/kg, i.p.), TAC+Choline+4-DAMP (14 mg/kg and 0.7 μg/kg, respectively, i.p.) [@B5],[@B7],[@B14]. The mouse model of cardiac hypertrophy was established by TAC as described before [@B15]. After surgery, animals were placed in the warm environment with a breathing machine (UGO BASILE, Biological Research Apparatus, Italy) at the respiratory rate of 95 breaths/min with a tidal volume of 0.5 ml until restoration of spontaneous breathing. The sham-operated mice underwent the same surgical procedures without aorta banding. Three days after TAC, the mice were injected with choline (Sigma, St Louis, MO, USA) or choline+4-DAMP combination daily. For co-administration of choline and 4-DAMP (Sigma, St Louis, MO, USA), 4-DAMP was injected 30 min before choline treatment. After 3 weeks, the survived animals were sacrificed, and hearts were quickly isolated and weighed in cold buffer. The left ventricle was rapidly frozen in liquid nitrogen and stored in -80°C freezer for subsequent western blot and RT-PCR experiments.

Echocardiography measurement and histological analysis
------------------------------------------------------

Three weeks after TAC operation, mice were again anesthetized with pentobarbital sodium (60 mg/kg i.p.), placed on the experimental platform. Transthoracic echocardiography was performed using an *in vivo* ultrasound imaging system with a 40-MHz transducer (Cold Spring Biotech Corp, Taiwan). Two-dimensional images and M-mode recordings of left ventricular area were obtained from the parasternal long-axis view. Heart rate and ventricular wall thickness were measured and the percentage of ejection fraction (EF) was calculated.

For histological analysis, the hearts were fixed with 4% paraformaldehyde (pH 7.4) for 48 h. Tissues were embedded in paraffin, sectioned into 5-μm slices, and stained with standard hematoxylin and eosin (HE). To calculate the cell surface area, fifty cell cross-sections from three hearts were measured using the Image-Pro plus Data Analysis Software (Version 5.0.1, Media Cybernetics, Silver Spring, MD, USA). The average value was used for analysis.

Primary culture of neonatal rat cardiomyocytes
----------------------------------------------

Neonatal rat ventricular myocytes (NRVMs) were isolated from one day old Sprague-Dawley rats. Briefly, the hearts were quickly collected and digested with collagenase II. The preparation was centrifuged (2000 rpm, 180 s) and redissolved in DMEM. Two hours later, NRVMs were collected, and incubated in a humidified incubator in the presence of 95% O~2~ and 5% CO~2~.

NRVMs were exposed to isoproterenol (ISO, 10 μM, Sigma, St Louis, MO, USA) for 48 h in order to induce cardiomyocyte hypertrophy. NRVMs were pre-incubated with choline (0.5 mM) [@B5],[@B7],[@B14] for 30 min before ISO treatment, and in some experiments, 4-DAMP (3 nM) [@B5],[@B7],[@B14] was added 30 min before choline pretreatment. Then, NRVMs were incubated for another 48 h.

Immunocytochemistry
-------------------

Cultured NRVMs were washed three times with PBS and then fixed with 4% paraformaldehyde for 0.5 h, permeablized with 0.4 % Triton X-100 for 1 h, and finally blocked for 1 h in PBS with goat serum. Next, the cells were incubated with anti-α-actinin (Sigma, St Louis, MO, USA) at 1:200 dilution ratio overnight, followed by subsequent incubation with Alexa Fluor 594 antibody for 1 h. The cell nuclei were counterstained with DAPI. Fluorescence images were analyzed with Image-Pro Plus Data Analysis Software (Version 5.0.1, Media Cybernetics, Silver Spring, MD, USA). Quantification of cell surface area by measuring random cells from three experiments, and the average value was used for analysis.

Western blot analysis
---------------------

Western blot analysis was performed according to the procedures as previously described [@B13]. Following incubation with primary antibodies for β-MHC (Santa Cruz Biotechnology Inc.USA), calcineurin (Santa Cruz Biotechnology Inc. USA) and GAPDH (Kangcheng Shanghai. China) at 4°C overnight, the membranes were washed and incubated with secondary antibodies. Odyssey v1.2 software was used to quantify the western blot bands by measuring band intensity (area×OD) of each group.

Quantitative reverse transcription-polymerase chain reaction
------------------------------------------------------------

Total RNA samples from left ventricular tissues and NRVMs were extracted with TRIZOL reagent (Invitrogen, USA). After the RNA concentration and purity had been qualified, 0.5 μg RNA was used as a template for cDNA synthesis for reverse transcription reaction. Quantitative analysis of mRNA was executed with ABI 7500 fast Real Time PCR system (Applied Biosystems, USA). GAPDH and U6 were used as internal controls, respectively. Detailed sequences of essential primers are presented in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S1.

Statistics
----------

All data are expressed as mean ± SEM. Statistical analysis was performed using one-way ANOVA followed by Bonferroni\'s test. Differences were considered as statistically significant when *p* \< 0.05.

Results
=======

Choline attenuates cardiac hypertrophy *in vivo* and *in vitro*
---------------------------------------------------------------

Administration of choline to ischemic mice significantly attenuated TAC-induced hypertrophy, as identified by measurement of the ratio of heart weight over body weight (HW/BW) and that of left ventricular weight to BW (LVW/BW) (Fig. [1](#F1){ref-type="fig"}A). A similar result was found when comparing cross-sectional area of cardiomyocytes among different experimental groups (Fig. [1](#F1){ref-type="fig"}B and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1A). TAC-treated mice showed an obvious increase in the thickness of left ventricular posterior wall and interventricular septal due to compensatory hypertrophy. Echocardiography data also revealed that the thickness of left ventricular posterior wall and EF were significantly decreased by choline pretreatment. These effects were significantly weakened by 4-DAMP pretreatment, implying that activation of the M~3~ mAChR signaling pathway was implicated in the actions of choline (Fig.[1](#F1){ref-type="fig"}C and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1B-D). Furthermore, choline refrained the increased mRNA level of β-myosin heavy chain (β-MHC), atrial natriuretic peptide (ANP), and brain natriuretic peptide (BNP) induced by TAC. The β-MHC protein level was also obviously down-regulated by choline in TAC mice. Addition of 4-DAMP significantly disturbed the beneficial effects of choline (Fig. [1](#F1){ref-type="fig"}D-[1](#F1){ref-type="fig"}E and [Supplementary Material](#SM1){ref-type="supplementary-material"}: Fig. S1E). To see whether the anti-hypertrophic effect of choline could be reproduced in cultured myocardial cells, we established an *in vitro* model of hypertrophic NRVMs by ISO stimulation. Choline pretreatment markedly inhibited the increase of cell surface area induced by ISO (Fig. [2](#F2){ref-type="fig"}A-[2](#F2){ref-type="fig"}B) and meanwhile decreased the ISO-elevated β-MHC mRNA and protein levels nearly to the control levels (Fig. [2](#F2){ref-type="fig"}C-[2](#F2){ref-type="fig"}D). Taken together, these results confirmed the protective effects of choline against cardiac hypertrophy.

Choline normalizes pathological expression of miR-133a
------------------------------------------------------

The muscle-specific miR-133a was considered as hypertrophy predictor [@B10],[@B11], which was significantly down-regulated in cardiac hypertrophy. We found that choline was able to influence the miR-133a level in the established cardiac hypertrophy model. As shown in Fig. [3](#F3){ref-type="fig"}A, left panel, the expression level of miR-133a was found significantly decreased in TAC-treated mice, but its expression was up-regulated nearly to the normal level by choline and specific inhibition of the M~3~ mAChR signaling pathway abrogated this upregulation. Similar results were obtained under *in vitro* conditions (Fig. [3](#F3){ref-type="fig"}A, right panel). We also detected the expression level of calcineurin, an important target gene of miR-133a [@B11].The protein level of calcineurin was significantly increased in TAC hypertrophic mice (Fig. [3](#F3){ref-type="fig"}B, left panel) and ISO-induced hypertrophic cardiomyocytes (Fig. [3](#F3){ref-type="fig"}B, right panel) as well, while choline significantly suppressed the expression of calcineurin. Moreover, the choline-induced downregulation of calcineurin expression was mitigated by 4-DAMP. Similar results were obtained from cultured NRVCs (Fig. [3](#F3){ref-type="fig"}B).

Network analysis of potential mechanisms underlying the anti-hypertrophic effects of choline
--------------------------------------------------------------------------------------------

In this study, the chemical-gene association database STITCH 3.0 [@B16] was retrieved for the high-confidant choline-gene associations in human, and the Cytoscape [@B17] plugins DisGeNET [@B18] and BisoGenet [@B19] were applied to obtain cardiac hypertrophy-related genes and experimental human protein-protein interactions. As the results of our network analysis showed, choline was not found to be functionally associated with any proteins encoded by cardiac hypertrophy-related genes (Fig. [4](#F4){ref-type="fig"}). However, all its associated proteins including M~3~ mAChR and the other four proteins have the potential to directly interact with the cardiac hypertrophy-related proteins. Furthermore, Figure [4](#F4){ref-type="fig"} also illustrated that the cardioprotective effects of choline against the TAC-induced hypertrophy could not be exclusively explained by activation of the M~3~ mAChR pathway, although it was an indispensable participant; on the other hand, the other four choline-associated proteins might participate in the M~3~ mAChR signaling pathways, implying that the implement of their roles still depend on the activation of M~3~ mAChR.

Discussion
==========

At present, we validated the cardioprotective effects of supplemental choline on TAC-induced cardiac hypertrophy. The TAC pressure-overload and ISO-induced hypertrophic models were employed in this study [@B20]. Our study generated strong evidence that choline ameliorate cardiac hypertrophy, as indicated by the reduced heart weight, left ventricular weight, ventricular thickness, and reduced expression of biomarker genes of cardiac hypertrophy. As an agonist of M~3~ mAChR, choline has been shown to produce an important role in ischemic myocardial protection [@B4],[@B5],[@B12],[@B13], but the possible effects of choline on cardiac hypertrophy was unstudied. Thus, our finding that choline produces anti-hypertrophic effect unraveled a novel aspect of cardiac protection afforded by M~3~ mAChR. Our network analysis further revealed that MYC, BDNF, INS and IGF2 may be involved in the M~3~ mAChR signaling pathways, contributing to the protective effects of choline via their functional associations with this small molecule [@B21]-[@B24]. More functional experiments are needed to elucidate their respective contributions to the effects of choline.

Another important finding in our study was the rescuing of abnormally downregulated expression miR-133a and restoration of calcineurin protein level by choline. The expression level of miR-133a has been demonstrated to be markedly downregulated under hypertrophic conditions of various *in vivo* and *in vitro* models [@B10],[@B25]. Manifold experiments suggest that calcineurin is a key signaling molecule that is upregulated during the development of cardiac hypertrophy [@B11],[@B26],[@B27] and has been shown to be an important target gene of miR-133a [@B11]. Normalization of deregulated miR-133a and calcineurin expression has been thought to produce anti-hypertrophic action [@B10],[@B11],[@B26],[@B28]. Interestingly, we found here that miR-133a expression was decreased and calcineurin protein level was increased in the cardiac hypertrophy. The results were in line with the data from intraoperative biopsies from 46 patients with aortic stenosis [@B29]. Notably, the effects of choline were all abolished by the M~3~ mAChR-specific antagonist 4-DAMP. These findings suggest that the anti-hypertrophic action of choline is conferred by its ability to activate M~3~ mAChR and correct the deregulated expression of miR-133a and calcineurin.

In conclusion, our study unraveled for the first time the cardioprotection of choline against cardiac hypertrophy. Multiple signaling pathways might be involved in it, strongly suggesting complex mechanisms for the anti-hypertrophic effects of choline. Nevertheless, our findings not only broadened our understanding of the actions of choline in heart disease but also suggested the potential of the essential nutrient choline in the prevention and treatment of cardiac hypertrophy, a main cause of lethal heart failure in clinic.
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![**Effects of choline on TAC-induced cardiac hypertrophy.** (A) Comparison of HW/BW and LVW/BW. Sham (n = 9); TAC (n = 10); TAC + Choline (n = 11); TAC + Choline + 4-DAMP (n = 8). ^\*\*^*p* \< 0.01 *vs* sham; ^\#^*p* \< 0.05 *vs* TAC. (B) Representative H&E staining of heart trans-section in the four experimental groups. (C) Echocardiographic characteristics of mice in each group. LVPWS: left ventricular posterior systolic wall thickness; IVSTS: interventricular septal systolic thickness; (n = 5), ^\*\*^*p* \< 0.01 *vs* Sham; ^\#\#^*p* \< 0.01 *vs* TAC; ^&&^*p* \< 0.01 *vs* TAC+Choline. (D) Effects of choline on the mRNA expression of β-MHC in the hypertrophic left ventricular tissue. ^\*\*^*p* \< 0.01 *vs* Sham; ^\#\#^*p* \< 0.01 *vs* TAC. (E) Effects of choline on the protein expression of β-MHC in the hypertrophic left ventricular tissue. Data are expressed as mean ± SEM for 3-4 individual experiments; ^\*\*^*p* \< 0.01 *vs* Sham; ^\#\#^*p* \< 0.01 *vs* TAC.](ijbsv09p0295g01){#F1}

![**Effects of choline on ISO-induced cardiomyocytes hypertrophy.** (A) Representative immunofluorescence staining of cardiomyocytes was observed (×200) with α-actinin antibody (red signal) and nuclei were stained with DAPI (blue signal). (B) Statistical analysis of cell surface area. Ctrl (n = 133); ISO (n = 110); Choline+ISO (n = 121); 4-DAMP+Choline+ISO (n = 100).^\*\*^*p* \< 0.01 *vs* Ctrl; ^\#\#^*p* \< 0.01 *vs* ISO;^&^*p* \< 0.05 *vs* Choline+ISO (C) Regulation of the mRNA expression of β-MHC. ^\*\*^*p* \< 0.01 *vs* Ctrl; ^\#\#^*p* \< 0.01 *vs* ISO. (D) Representative western blot of β-MHC protein *in vitro*. Data are expressed as mean ± SEM for 3-4 individual experiments; ^\*\*^*p* \< 0.01 *vs* Ctrl; ^\#\#^*p* \< 0.01 *vs* ISO;^&&^*p* \< 0.01 *vs* Choline+ISO.](ijbsv09p0295g02){#F2}

![**Effects of choline on miR-133a and calcineurin expression.** (A) Expression of miR-133a was increased by choline *in vivo* (left panel) and *in vitro* (right panel). ^\*^*p* \< 0.05 *vs* Sham-Ctrl; ^\#\#^*p* \< 0.01 *vs* TAC-ISO;^&&^*p* \< 0.05 *vs* TAC+Choline -Choline+ISO; (B) Inhibitory effects of choline on the expression of calcineurin in cardiac tissue (left panel) and cardiomyocytes (right panel). Data are expressed as mean ± SEM for 3-4 individual experiments; ^\*\*^*p* \< 0.01 *vs* Sham-Ctrl; ^\#\#^*p* \< 0.01 *vs* TAC;^\#^*p* \< 0.05 *vs* ISO; ^&^*p* \< 0.05 *vs* TAC+Choline -Choline+ISO.](ijbsv09p0295g03){#F3}

![**Results of network analysis.**Red nodes represent the choline-associated proteins; deep blue and green nodes represent its receptor M3 mAChR and the downstream proteins of M3 mAChR, respectively; light nodes represent the proteins encoded by cardiac hypertrophy related genes; edges represent experimentally validated protein-protein interactions. CHRM3: cholinergic receptor, muscarinic 3; MYC: myelocytomatosis oncogene; BNDF: brain-derived neurotrophic factor; INS: insulin; IGF2: insulin-like growth factor 2; GNAQ: guanine nucleotide binding protein (G protein), q polypeptide; GPRASP1: G protein-coupled receptor associated sorting protein 1; MRPS22: mitochondrial ribosomal protein S22; ESR1: estrogen receptor 1; IGF1R: insulin-like growth factor 1 receptor; IGFBP1/3: insulin-like growth factor binding protein 1/3; TCAP: titin-cap; AGTR1: angiotensin II receptor, type 1; RAF1: v-raf-leukemia viral oncogene 1; AR: androgen receptor; NOS3: nitric oxide synthase 3.](ijbsv09p0295g04){#F4}
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